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In order to investigate the impacts of dam-related water impoundment on the spatial-temporal varia-
tions and transport of anthropogenic organic pollutants, 15 priority polycyclic aromatic hydrocarbons
(PAHs) were analyzed in water samples from the Shuikou Reservoir (SKR) of the Minjiang River. The SKR
was formed after the construction of the Shuikou Dam, which is the largest hydropower station in
Southeast China. The water samples were collected from the backwater zone of the SKR, in both the wet
and dry seasons, corresponding to the drainage and impoundment periods of water flow, respectively.
The concentrations of the dissolved PAHs in surface water from the wet season (average of
161± 97 ng L1) were significantly higher (ANOVA, p< 0.01) than those from the dry season (average of
43± 21 ng L1). PAH concentrations in the SKR decreased from upstream (industrialized cities) to
downstream (rural towns or counties), indicating high PAH loads caused by intensive urbanization ef-
fects. The high proportions of 3-ring PAHs in the wet season were from local sources via surface runoff;
while the elevated proportions of 4- to 6- ring PAHs in the dry season reflected atmospheric deposition
emerged of these PAHs and/or volatilization of 3-ring PAHs enhanced. Molecular diagnostic ratios of PAH
isomers in multimedium and principal component analysis indicated that PAH presence in the SKR was
mainly attributed to pyrogenic origin. The isomeric ratios of fluoranthene to fluoranthene plus pyrene in
the wet season were homogeneous, implying that there were continuous new inputs along the riverine
runoff. However, these ratios showed spatial downward trend in the dry season, indicating continued
degradation of PAHs occurred along the transport path during the impoundment period. The input and
output fluxes of PAHs in the SKR were 5330 kg yr1 and 2991 kg yr1, revealing that the reservoir
retained contaminants after impoundment of the hydropower dam.
© 2019 Elsevier Ltd. All rights reserved.1. Introduction
Large numbers of blocking dams on rivers have been built
around the globe over the past century, a result of the need for
water resources for drinking, crop production, and power genera-
tion (Rosenberg et al., 2000). Dams also provide a great measure of
water control that could help prevent flooding and improve con-
ditions for shipping (Brown et al., 2008). Although the dams have
great economic benefits for human beings, the water impound-
ments of the dam-related reservoirs also have brought negativee by Eddy Y. Zeng.
t and Ecology, Xiamen Uni-impacts on the river eco-environment and human health (Chao
et al., 2008). Dam-related impoundments change the hydrological
conditions, and then turn the dammed reaches of the natural
flowing rivers into human-made lacustrine regimes (Wei et al.,
2016). In particular, damming could lower river water flow veloc-
ity, alter stream nutrient cycling, induce algal blooms, support the
build-up of silt, block fish migration route, and overall degrade
aquatic resources (Campbell et al., 1998; V€or€osmarty et al., 2003;
Morais et al., 2009; Wang et al., 2009; Dang et al., 2010). Moreover,
impoundments by river dams have also been shown to result in
accumulations of anthropogenic pollutants in the reservoirs (Audry
et al., 2010; Deyerling et al., 2014). Therefore, under the changed
hydrodynamic conditions in the reservoirs, the impacts of water
impoundment on biogeochemical processes of pollutants are crit-
ical human health problems that require more research to better
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Polycyclic aromatic hydrocarbons (PAHs) are a group of priority
organic pollutants of critical environmental and public health
concern. This is a result of their toxic, mutagenic and carcinogenic
potential to ecosystem and humans (Gonzalez-Gaya et al., 2019).
The extensive anthropogenic activities (e.g., incomplete combus-
tions of fossil fuel and biomass, petroleum seeps during industrial
and agricultural production processes) have resulted in ubiquitous
occurrence of PAHs in the environment (Wang et al., 2007; Li et al.,
2016). PAHs can enter the aqueous environment mainly via atmo-
spheric deposition, surface runoff, municipal/industrial effluents,
or oil leakage (Countway et al., 2003). With tremendous economic
development and high energy consumption over the past few de-
cades, China has been regarded as a large emitter of PAHs into the
world’s ecosystems (Xu et al., 2006; Lang et al., 2008). The occur-
rence, source, and ecological risk to ecosystems of PAHs in natural
water environments of China have been extensively studied (Li and
Duan, 2015; Du and Jing, 2018; Meng et al., 2019). In China, the
water conservancy and hydropower projects continue to develop at
increasing rates in major rivers (e.g., Yangtze River, Yellow River,
Pearl River, and others). It was reported that China had built 98,795
reservoirs of various types according to the 2017 Statistic Bulletin
on China Water Activities (Ministry of Water Resources of the
People’s Republic of China, 2018). With these developments, PAH
pollution in the reservoirs further threaten ecological security and
drinking water quality have been increasing attentions, such as in
the Three Gorges Reservoir (Wang et al., 2012; Deyerling et al.,
2014; Wang et al., 2016; Lin et al., 2018), Guanting Reservoir
(Wang et al., 2004), Fenhe Reservoir (Tian et al., 2013), Dahuofang
Reservoir (Lin et al., 2012, 2013b) and Mopanshan Reservoir (Liu
et al., 2013).
The Minjiang River is the largest river in Fujian Province,
Southeast China and highly disturbed by anthropogenic activities
(such as large emissions of industrial and municipal wastewater,
frequent shipping, constructions of cascade hydropower stations)
(Zhang et al., 2004) (Fig. 1a). The Shuikou Reservoir (SKR) is located
in the middle reach of the Minjiang River due to the construction
and impoundment of the Shuikou hydropower station since 1993.
This hydropower station is the largest one in Southeast China, the
water impoundment of this dam has altered hydrologic conditions
and thus created numerous environmental problems. The SKR isFig. 1. Map of study area (a) and sampling staalso subjected to numerous anthropogenic influences that chal-
lenge its susceptive ecosystem in recent years. Frequent water
eutrophication and depleted aquatic biodiversity of the SKR occurs
caused by increased emissions of pollutants and nutrients from
surrounding cities (Chen et al., 2012). The increasing environmental
pollution of the SKR directly affect the drinking water safety of tens
of millions of people in the downstream Minjiang River. However,
available information is lacking for understanding the impound-
ment impacts on the biogeochemical processes (e.g., occurrence,
transport and fate) of anthropogenic organic pollutants (such as
PAHs) in the SKR.Whether the hydropower damwould result in the
pollutant entrapment in the SKR is also an open question.
This study aims to: (1) determine the levels and possible sources
of PAHs in water of the SKR from the wet and dry seasons, (2)
elucidate the temporal and spatial variations of PAH concentrations
and compositions in the artificial reservoir during drainage and
impoundment periods; and (3) evaluate the annual impoundment
flux of PAHs transported in the reservoir river. The purpose of this
study was to provide effective early warning for regional water
resources and protection of human health.2. Materials and methods
2.1. Study area
The Minjiang River has a mainstream length of 562 km with a
drainage area of 60,992 km2. It is located in the subtropical
monsoon zone with an annual precipitation of 1800e2200mm,
and its annual average riverine runoff is 610 108m3, with 71%e
80% being discharged in the wet season (April to September) and
20%e29% in the dry season (October to next March). The Shuikou
hydropower station is the last level of the cascade hydropower
stations in the Minjiang River, it has provided electric power gen-
eration, navigation for shipping, flood prevention, aquaculture,
tourism, and irrigation. The Shuikou Dam is ~870m in length and
101m in height. It limits the water level to 61m during the flood
season (April to July), at 65m for a normal water level with water
volume of 23.4 108m3 (August to November and the February to
March), and generally fluctuates to 57m during the dry season
(December to next January). The SKR is between the sections of
Yanping District of Nanping City andMinqing County of Fuzhou Citytions (b) in the SKR of the Minjiang River.
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length of the main SKR is 94 km and the control area is 52 438 km2,
accounting for 86% of the total area of Minjiang River watershed.
Three tributaries (Futunxi Stream, Shaxi Stream, and Jianxi Stream)
of the upper reach flow through Nanping then converge into the
SKR area (Fig. 1). When the water level is 65m, the backwater zone
can reach to the Shaxi stream dam, which is 108 km to the Shuikou
dam, when thewater level is 57m, the backwater zone fluctuates to
the mouth of Jianxi stream, which is 11 km to Shaxi stream dam. As
expected, there was statistically significant seasonal variations of
water levels in the backwater zone (Supplementary Information
(SI) Fig. S1). Due to the river water flows slowly in the SKR, the fish
cage cultures develop rapidly in the reservoir and they become a
major freshwater fish farm in Fujian Province.2.2. Sample collection and organic analysis
Water samples at ten sampling stations along the SKR of the
Minjiang River were collected in the wet season (June 2014, sum-
mer, drainage period) and dry season (January 2015, winter,
impoundment period). All stations were in the backwater zone,
relevant information about each of the sampling stations are
illustrated and noted in Figs. 1b and SI Table S1. Surface water
(<0.5m, below water surface) was directly collected from the river
using stainless steel barrels. Bottom water (<1m, above water
bottom) was collected using a polyvinyl chloride (PVC) water
sampler. Water samples were stored in 4 L pre-cleaned brown glass
jars, and then were immediately filtered through pre-combusted
glass fiber filters (GFFs) to obtain suspended particulate matter
(SPM) containing particulate organics. After that, the dissolved
organics in the filtered water samples were extracted through pre-
conditioned solid phase extraction (SPE) cartridges spiked with
deuterated PAHs as surrogates. Synchronously, aerosol sampling in
the wet season was carried out for three days in Nanping and
Minqing. Total suspended particulates (TSP, particle phase) and
gaseous phase for aerosol samples were collected using pre-
combusted quartz fiber filters (QFFs) and pre-cleaned poly-
urethane foams (PUF), respectively. Three rainwater samples in the
wet season were also synchronously collected for one day in
Minqing, and they were directly trapped by spiked SPE cartridges.
The analysis procedures for GFFs and SPE cartridges from river
water and rainwater samples, and QFFs and PUF from aerosol
samples are described in our previous papers (Wu et al., 2011; Ya
et al., 2017a; b, 2018). Details of sample pretreatment and instru-
mental analysis using Agilent 6890 Series gas chromatography
Agilent 5973 mass spectrometry are described in the SI Text S1 and
S2. The following 15 priority PAHs (without naphthalene, Nap)
designated by the US EPA were analyzed: acenaphthylene (Ace),
acenaphthene (Acen), fluorene (Flu), phenanthrene (Phen),
anthracene (An), fluoranthene (Fluo), pyrene (Py), benzo(a)
anthracene (BaA), chrysene (Chry), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP), indeno(1,2,3-
c,d)pyrene (IP), benzo(g,h,i)perylene (BghiP) and dibenzo(a,h)
anthracene (DBA).2.3. Quality assurance and quality control
The concentrations of PAHs in this study were quantified by
internal standard method. Laboratory spiked blanks and replicate
samples were analyzed along with field samples. Target com-
pounds in blanks were 1e2 orders of magnitude less than the field
water samples (SI Table S2), which meant the relatively low back-
ground or contamination of PAHs during pretreatment process. The
linearity coefficients (R2) of standard curve were 0.9613e0.9932(1 ppbe2 ppm, n¼ 10). The method recoveries of 15 PAHs ranged
from 74% to 126% in the dissolved phase, and 60%e120% in the
particulate phase (SI Table S2). The method detection limits (MDLs)
were calculated as the mean plus three times the standard devia-
tion of the method blanks (n¼ 7), MDLs of 15 PAHs ranged from
2 103 to 8 103 ng L1 in the dissolved phase, and 2 103 to
7 103 ng L1 in the particulate phase (SI Table S2). The labeled
peaks of target compounds for authentic PAH standards at about 10
times of the MDLs and one field water sample are displayed in SI
Fig. S2.
3. Results and discussion
3.1. Levels and ecological risk assessment of PAHs
In the wet season, the concentrations of dissolved PAHs in sur-
facewater from the SKR ranged from19 to 303 (average of 161± 97)
ng L1, which were about 25 times higher than particulate PAHs
(3.4e15 ng L1, average of 6.5± 3.3 ng L1) (SI Table S3). The per-
centages of particulate PAHs in total PAHs (dissolved phase plus
particulate phase) ranged from 1.7% to 29% (average of 7.0± 8.6%).
In the dry season, the concentrations of dissolved PAHs in surface
water from the SKR ranged from 22 to 86 (average of 43± 21) ng
L1; and the concentrations of dissolved PAHs in the bottom water
(67e123 ng L1, average of 89± 24 ng L1) from sites S3 to S1 close
to the hydropower station were much higher than those in surface
water (22e44 ng L1, average of 28± 11 ng L1) (SI Table S3).
Compared with the major rivers in China (e.g., the Yellow River,
Yangtze River, Pearl River, etc.) and other countries (e.g., the Ganges
River in India, Nile River in Egypt, the Mississippi River and Sus-
quehanna River in USA, etc.) (SI Table S4), the PAH concentrations
in this study are comparable to or lower than those in China and
USA but are much lower than lower than those in India. Therefore,
the level of PAHs in water from the SKR was at a low-middle point
of the global range, the PAH contamination in the wet season was
more prominent, especially in the upstream SKR.
The dissolved organic contaminants are precisely proportional
to their chemical activity, e.g., bioavailability and bioaccumulation
in organisms (Reichenberg and Mayer 2006). Therefore, the con-
centrations of organic contaminants in the dissolved phase are
more ecologically relevant in water quality monitoring and evalu-
ation of the potential adverse effects on organisms than the total
environmental concentrations (Carls et al., 2008; Prokes et al.,
2012). In this study, the risk evaluation of dissolved PAHs in the
water environment follows the water quality standards developed
by the environmental protection ministries. The concentrations of
dissolved BaP (Wet season: 0.07e0.29 ng L1, Dry season: below
detection limit) of the SKR were below the environmental quality
standard for surface water (GB3838-2002) as established by the
State Environment Protection Agency of China (SEPA) (<2.8 ng L1
for BaP) (SEPA of China, 2002). However, the BaP concentration in
water should be less than 0.12 ng L1 for consumption both of water
and organism according to the national recommended water
quality criteria for human health established by US EPA (US EPA,
2015). As established by the European Union Commission (EUC),
the annual average environmental quality standard for BaP should
be less than 0.17 ng L1 that could pose a significant risk to the
environment or human health in inland surface waters (EUC, 2013).
BaP concentrations in the dissolved phase of the SKR from the wet
seasonwere slightly higher (sites S9 to S7) than or close (sites S6 to
S1) to the required range (<0.12 or 0.17 ng L1) of the guideline
values of US EPA and EUC (SI Fig. S3). This means that BaP residues
in water of the SKR did not meet the requirements of US EPA and
EUC. Besides, the desorption of particulate PAHs to the dissolved
phase might increase the ecological risk of BaP (SI Fig. S3), so PAHs
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3.2. Seasonal and spatial variabilities of PAHs
3.2.1. PAH concentrations
The concentrations of dissolved PAHs in surfacewater of the SKR
from the wet season were significantly higher (ANOVA, p< 0.01)
and changed more sharply than those from the dry season (Fig. 2).
In general, the frequent rainfall events during the wet season
caused strong surface runoff and heavy wet deposition, which
could introduce terrestrial and atmospheric PAHs to water bodies
(Ngabe et al., 2000; Zhu et al., 2004; Gigliotti et al., 2005; Del Vento
and Dachs, 2007). As mentioned above, more than 70% of the
riverine runoff in the Minjiang River is discharged in the wet sea-
son, and the precipitation in 2014 was 1350mm with more than
70% of the rainfall during the wet season (SI Table S5). Hence, the
large volume of water discharge in the wet season led to the high
concentration of dissolved PAHs enriched in the reservoir region.
Furthermore, frequent impoundment of the SKR lowers water flow
that might increase exposure of dissolved PAHs to photo-
degradation in the upper layer of water (Tobiszewski and
Namiesnik, 2012; Katsoyiannis and Breivik., 2014). In addition,
human activities (such as larger emissions of municipal sewage,
urban runoff and frequent shipping) are more intense in summer,
which cause the higher concentrations of anthropogenic PAHs in
the wet season.
Spatially, the concentrations of dissolved PAHs in surface water
from the SKR decreased gradually from upstream to downstream
both in the wet and dry seasons (sites S9 to S2), and their variation
trends also were fairly similar (r¼ 0.80, p< 0.01, Pearson correla-
tion) (Fig. 2a). The old heavy industrial areas of Fujian Province (e.g.,
Sanming City and Nanping City) are also located in the upstream
SKR, where large amounts of industrial wastewater discharge into
the tributaries (especially Shaxi Stream) (Xu et al., 2014). As the
conjunction of the tributaries, the water pollution in Nanping
section of the Minjiang River is particularly high. Meanwhile, the
large-scale animal husbandry and rural non-point sources in
Nanping City and Sanming City also release pollutants to the SKR.
The high PAH concentrations were also found at site S7, suggesting
that the tributary-Youxi Stream has a proportionally large contri-
bution of PAH pollution to the mainstream of the Minjiang River.
The decreased trends of PAH concentrations from the industrialized
cities (upstream) to town or county areas (downstream) were
subjected to regional anthropogenic influences (e.g., industrial,
domestic and agricultural wastewater discharges). As a result of the
natural photo- or bio-degradation, and reduced inputs ofFig. 2. Concentrations and compositions opollutants, PAH concentrations decreased in the downstream
reservoir. The blooming water hyacinth (Eichhornia crassipes) in the
downstream SKRmay be an important biological carbon pump that
transfers organic pollutants from water to sediment (Chen et al.,
2012). The self-cleaning capacity of dissolved PAHs in the SKR
was found to be strong since PAH concentration reduced drastically
by more than half from upstream to downstream. The responsible
processes are thought to be dilution, degradation or deposition of
PAHs adsorbed to organism debris and particles under the low flow
rate (Deyerling et al., 2014)). This hypothesis could be further
supported by data showing higher concentrations of dissolved
PAHs in the bottom water than in surface water (SI Table S3). It
should be noted that PAH concentrations increased a little at the
stations close to the Shuikou hydropower dam (sites S1L and S1R)
(Fig. 2), suggesting that the dam might support contaminant
retention or accumulation. This phenomenon was more significant
in the particulate PAHs of the wet season (SI Fig. S4).
3.2.2. PAH compositions
According to the number of aromatic rings, the 15 priority PAHs
were divided into 2 groups: lowmolecular weight (LMW) PAHs (3-
ring PAHs) chiefly originated from a low- or moderate-temperature
combustion process (such as biomass burning and domestic coal
burning); and high molecular weight (HMW) PAHs (4- to 6- ring
PAHs) mainly ascribed to the high-temperature combustion pro-
cess (such as vehicle exhaust and industrial coal combustion) (Mai
et al., 2003). In the wet season, all of the targeted compounds were
detected in both dissolved and particulate phases of water samples
(SI Table S3). LMW-PAHs (i.e., Ace, Acen, Flu, Phen, and An) domi-
nated the dissolved PAH assemblages at all sampling stations, these
accounted for 85%e94% (except site S2) of the total PAHs, with Flu
(39± 6.9%) and Phen (25± 11%) being the most abundant (Figs. 2b
and SI Fig. S5a). In contrast, HMW-PAHs such as 4-ring compounds
(i.e., Fluo, Py, BaA, and Chry) accounted for 5.5%e15% of the total
dissolved PAHs, and the suspected carcinogenic 5- to 6-ring PAHs
(i.e., BbF, BkF, BaP, IP, BghiP, and DBA) had very low concentrations
at all sampling stations, accounting for 0.23%e1.4% of the total
dissolved PAHs (Figs. 2b and SI Fig. S5a). Flu (23± 25%) and Phen
(33± 34%) were also the most dominant compounds in the par-
ticulate PAHs from the wet season (SI Fig. S5b). In the dry season,
LMW-PAHs accounted for 50%e70% of the total dissolved PAHs in
surface water with Phen (31± 2.7%) being the most abundant
(Figs. 2b and SI Fig. S5c). For HMW-PAHs, 4-ring compounds of
accounted for 30%e49% of the total dissolved PAHs with Fluo
(16± 4.2%) and Py (18± 4.9%) being the most abundant; and a
majority of 5- to 6-ring compounds were below detection limits orf dissolved PAHs in different seasons.
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total dissolved PAHs (Figs. 2b and SI Fig. S5c). Generally, LMW-PAHs
(especially Phen) were the most abundant components in both
seasons (SI Figs. S5 and S6), which could be explained from the
relatively highwater solubility of LMW-PAHs (Tsapakis et al., 2003).
The predominant LMW-PAHs (>80%, especially Phen) in gaseous
phase of aerosol samples (SI Figs. S5d and S6d), which were similar
to those in the dissolved phase also reflected air-water exchange
(net deposition flux) that could be responsible for LMW-PAHs in
surface water (Chen et al., 2016; Wu et al., 2019).
Spatially, the percentages of the dominant compounds changed
significantly (from sites S9 to S3) in the wet season, with Flu having
increased from 34% to 53%, Phen decreased from 37% to 12% (SI
Fig. S5a). Different from the other stations, the PAH composition at
site S2 in the wet season was dominated by Flu, Fluo, Py and Acen,
and the percentages of 3-ring and 4-ring PAHs accounted for 56 and
43% of the total PAHs, respectively. Site S2 is close to the Town of
Xiongjiang, a region known for the cage culturing, so densely
distributed fish cages and frequent aquaculture activities may
change the input features and degradation of PAHs. In the dry
season, from upstream to downstream (except S1L and S1R), the
percentages of the most dominant Phen and Fluo decreased from
37% to 27%, and 23%e9.5%, respectively; while the percentages of
Flu and Py increased from 7.7% to 20%, and 11%e19%, respectively
(SI Fig. S5c). The changing PAH compositions in both seasons might
be related to changing sources or selective degradation occurred
during fluvial transport processes (Lin et al., 2013a; Katsoyiannis
and Breivik., 2014).
Surfacewater in thewet seasonwas relatively enriched in LMW-
PAHs but depleted in HMW-PAHs compared with those in the dry
season (SI Fig. S6). This could be explained by enhanced water
solubility of atmospheric LMW-PAHs at a relatively higher tem-
peratures in thewet season than in the dry season (Luo et al., 2008).
Although PAH compositions in surface water from the wet season
were quite different from that of rainwater samples (SI Figs. S5d
and S6d), dominant LMW-PAHs were found in soils collected
along the banks of the Minjiang River (Sun et al., 2016). This indi-
cated that surface runoff containing eroded soil caused by wet
deposition in the wet season might be contributing to the presence
of PAHs in surface water. Therefore, we inferred that wet
deposition-related processes in the wet season were the vital input
pathways of PAHs entering into the Minjiang River. Compared with
the wet season, the proportions of LMW-PAHs decreased (espe-
cially Flu), but HMW-PAHs increased significantly (especially Fluo
and Py) in the dry season. This could be explained by enhanced
vaporization and weakened water solubility of LMW-PAHs at
relatively lower temperature in the dry season (Luo et al., 2008).
This illustration could be supported by observations of higher
proportions of LMW-PAHs in bottom water (80%) than in surface
water (62%) during the dry season. Furthermore, majority of
gaseous PAHs with moderate to high molecular weight (especially
Phen, Fluo and Py) exhibited a net deposition (air-to-water)
through air-water exchange in winter, which could also cause
increased proportion of HMW-PAHs in surface water from the dry
season (Qin et al., 2013). Previous studies also found that dry
deposition fluxes of atmospheric PAHs contributed to surface water
inwinter was significantly higher than those in summer (Lang et al.,
2002; Jiang et al., 2018). And the fine particles (0.1e1 mm)with high
concentrations of HMW-PAHs were the predominant components
of atmospheric dry deposition (Gonzalez-Gaya et al., 2014; Ren
et al., 2017). The high proportions of HMW-PAHs in TSP were also
found although these samples collected in the wet season (SI
Fig. S6), further indicating that PAHs in water contributed by direct
atmospheric deposition in the dry season might be moreimportant.3.3. Possible sources and transport of PAHs
3.3.1. Molecular diagnostic ratios
Molecular diagnostic ratios (MDR) of PAHs (See SI Table S6) are
widely used to distinguish natural and anthropogenic sources, or
pyrolytic and petrogenic anthropogenic sources (Yunker et al.,
2002; Tobiszewski and Namiesnik, 2012). PAH ratios suggest that
the input sources were different between the wet season and dry
season (Fig. 4 and SI Table S6). In the wet season, An/(Phen þ An)
ratios at all stations were >0.1, Fluo/(Fluo þ Py) ratios at all stations
were >0.5, and BaA/(BaA þ Chry) ratios (except site S1R) were
above 0.35. In the dry season, An/(Phen þ An) ratios at most sta-
tions is less than or about 0.1, Fluo/(Fluoþ Py) ratios were above 0.4
(except sites S3 to S1), and BaA/(BaA þ Chry) ratios at all stations
were >0.35 (Fig. 3 and SI Table S6). These findings indicate that the
presence of PAHs in water of SKR was mainly caused by pyrogenic
origins (fossil fuel and/or biomass combustion), accompanied by
minor inputs from petroleum contamination (See SI Table S6).
The ratios of An/(An þ Phen) and Fluo/(Fluo þ Py) in the dry
season were lower than in the wet season (Fig. 4). Besides of the
source shifts along the transport paths during different seasons (Lin
et al., 2013a), the selective photo- or bio-degradation of PAH iso-
mers due to the prolonged exposure to the environment might be
resulting in significant alteration of the MDR (Tobiszewski and
Namiesnik, 2012; Lin et al., 2013a; Katsoyiannis and Breivik.,
2014). Photo-degradation of An is faster than its isomeric Phen
(Tobiszewski and Namiesnik, 2012; Katsoyiannis and Breivik.,
2014), and Fluo has been reported to be less persistent than Py in
the environment (Yu et al., 2005). Therefore, higher ratios in the
wet season might represent fresh sources of pyrogenic PAHs from
local inputs. However, the lower ratios in the dry season may be
attributed to long-range transport of PAHs, which was related to
slow fluvial transport of pollutants during the impoundment
period of the SKR, or the elevated atmospheric deposition resulting
from the influence of Asian monsoon. For further proof, we also
combined the composition patterns and MDR of PAHs in aerosol
and rainwater samples to further explore the input pathways of
PAHs in water of the SKR (Fig. 3, S4-5 and SI Table S6). Though the
data are difficult to interpret based on the composition patterns,
the MDR of PAH isomers in the wet season were closer to the value
of rainwater and PUF samples (SI Table S6). Therefore, PAHs in the
wet season were mainly transferred into the river water via do-
mestic sewage discharge, rainfall induced soil erosion and atmo-
spheric wet deposition. However, the MDR of PAH isomers in the
dry season were relatively close to the values of TSP samples from
Nanping and Minqing (SI Table S6). It was thus inferred that at-
mospheric dry deposition (e.g. fossil fuel combustion from indus-
trial, mining production and traffics) dominated in the dry season
(Zhang et al., 2012).
The ratios of Fluo/(Fluo þ Py) were relatively stable in the wet
season (Fig. 4), which means that there were continuously new
inputs of PAHs along the river (Lin et al., 2013a). In the dry season,
the ratios of Fluo/(Fluo þ Py) gradually decreased (Fig. 4), with no
obvious additional sources along the transport path. The explana-
tion offered for this change may be more degradation of selected
congeners during the transport, reflecting a normal transport
process in river systems (Katsoyiannis and Breivik, 2014). In gen-
eral, the significant seasonal and spatial variations of Fluo/
(Fluo þ Py) ratios suggested that the compositions of Fluo and Py
are more susceptible to changes during transport process than the
other two ratios. In addition, it’s interesting to note that, under the
disturbances the tributaries of Youxi Stream and Gutianxi Stream
Fig. 3. Plots of PAH isomer ratios in water, aerosol and rainwater (DP: dissolved phase).
Y. Wu et al. / Environmental Pollution 257 (2020) 1136036discharging into the SKR, the broken trends (dramatic increase or
decrease) of PAH ratios from sites S4 to S3 then to the Shuikou Dam
were found, while the fluctuations of PAH ratios at site S7 were less
obvious. Although there are large cascade hydropower stations
located in the Youxi Stream and Gutianxi Stream, the average river
slope of the Gutianxi Stream (6.6‰) is higher than the Youxi Stream
(2.0‰). Therefore, the flood drainage (especially in the wet season)
with higher river slope regulated by the large hydropower station
could cause stronger fluvial erosion from the tributaries, this might
disturb the normal fluvial transport of river materials in the SKR.
This is consistent with the higher concentration of particulate PAHs
at sites S7, S3 and S2 in thewet season (SI Fig. S4). Overall, thewater
impoundment significantly changed the normal transport pro-
cesses of PAHs.
3.3.2. Principal component analysis
In order to enhance the reliability of source identification and
estimate the relative contributions and site variances of PAHs from
specific sources, the principal component analysis with multiple
linear regression (PCA-MLR) was conducted on the same dataset in
order to identify source profiles and calculate relative contributions
of PAHs (SI-Text S3). Two principal components (PCs) were retained
in both seasons (Fig. 5a and b). In the wet season, PC1, responsible
for 48% of the total variance, is predominantly weighted by rela-
tively higher molecular weight PAHs (BaA, Chry, and 5- to 6- ring
PAHs) (Fig. 5a). The HMW-PAHs (such as BaP, IP and BghiP) are
indicators of vehicle exhaust (gas- and diesel-powered vehicles)(Ravindra et al., 2008). Thus, PC1 might be related to direct traffic
fuel emissions or light fossil fuel combustion. PC2, contributed 44%
of the total variance in the wet season, is heavily weighted by
relatively low molecular weight PAHs (3-ring PAHs, Fluo, and Py);
reported to be related to coal and biomass combustion (Larsen III
and Baker, 2003; Zhang et al., 2012). In the dry season, PC1, ac-
counting for 37% of the total variance, is predominantly loadedwith
BbF and BkF with moderate loadings of Py and Chry (Fig. 5b), which
can be identified as the contribution from vehicle emission (Yang
et al., 2013). PC2, accounting for 52% of the total variance in the
dry season, is heavily weighted in lower to moderate molecular
weight PAHs (3-ring PAHs, Fluo, BaA and Py), which can represent
the contribution from coal and biomass combustion (Larsen III and
Baker, 2003; Ravindra et al., 2008). Based on the calculations from
MLR (SI Text S3), the contributions of coal and biomass combustion
to total riverine PAHs in the wet and dry seasons were 77% and 61%,
respectively, while the contributions of vehicle exhausts were 23%
and 39%, respectively. Specifically, the high contribution of vehicle
emissions inwinter might be related to prominent atmospheric dry
deposition (Salim et al., 2019). Overall, a majority of the riverine
PAH loadings were ascribed to coal and biomass combustion,
qualitatively consistent with the source assessment results based
on MDR of PAH isomers. It was clear that the loadings of individual
PAHs from PCs were agminated in the wet season, but distributed
dispersedly in the dry season, indicating the homogeneous sources
of PAHs in the wet season and heterogeneous sources (originate
from diverse sources) of PAHs in the dry season. The site-specific
Fig. 4. Molecular diagnostic ratios of dissolved PAHs in different seasons.
Y. Wu et al. / Environmental Pollution 257 (2020) 113603 7scores of PAHs from PC1 and PC2 are presented in Fig. 5c and d. In
both seasons, the upstream SKR (sites S9 to S5) was dominated by
coal and biomass combustion and then reduced in downstream
(sites S4 to S1), where in contrast received contributions from light
fossil fuel combustion. The two sources with high contributions
appeared at site S7 in both seasons, likely a result of the location
near the mouth of the Youxi Stream that receive large amounts of
agricultural and domestic sewage discharge. Generally, due to the
mixed land uses of agriculture, industrial, residential living of urbanand rural areas, andwidely distributed fish cage cultures in the SKR,
the predominate anthropogenic PAHs with pyrolytic sources dis-
played distinct spatial transport processes in water of the SKR.
3.4. Estimation for impoundment flux of PAHs
The impoundment, storage and regulation of the river dams
influence the river hydrodynamic conditions and the biogeo-
chemical processes of biogenic and anthropogenic materials, the
Fig. 5. Plots of loadings (a, b) and scores (c, d) of PAHs from PCA in the SKR.
Table 1
Impoundment flux (kg yr1) and ratio (%) of PAHs in the SKR.
PAHs Parameters Wet season Dry season Annual flux
LMW-PAHs Influx 4377 354 4731
Outflux 2350 219 2569
Impoundment flux 2027 136 2162
Impoundment ratio 46 38 46
HMW-PAHs Influx 391 208 599
Outflux 236 186 422
Impoundment flux 155 22 177
Impoundment ratio 40 11 30
Total PAHs Influx 4768 562 5330
Outflux 2586 405 2991
Impoundment flux 2182 157 2339
Impoundment ratio 46 28 44
Y. Wu et al. / Environmental Pollution 257 (2020) 1136038material fluxes transported to the downstream river also change
after the river dammed (Humborg et al., 1997; Wang et al., 2009;
Wei et al., 2016). For example, SPM transport to the Yangtze estuary
was reduced by more than half compared with the 1970s after
operation of the Three Gorges Reservoir in 2003 (Dai et al., 2011);
and the annual average sediment discharge from suspended load in
the downstream Minjiang River (1993e2006) was reduced to 37%
compared with those before the built of the hydropower stations
(1951e1975) (Chen et al., 2012). The entrapments of anthropogenic
nutrients and pollutants in the reservoir rivers could result in high
ecological risks, such as elevated harmful pollutants during
dredging water reservoirs (Mwanamoki et al., 2014). Therefore, it is
important to estimate the impoundment fluxes of pollutants dur-
ing transporting through the reservoir rivers. This is also an
essential prerequisite for the implementation of total amount
control and reducing cross-regional disputes, as well as providing
decision-making basis for the pollution control.
In this study, according to the 2014 statistics of inflow and
outflow of water discharges in the Shuikou hydropower station (SI
Table S7) and the dissolved PAH concentrations in the wet and dry
seasons, a preliminary estimation for the input and output fluxes of
PAHs in the SKR was conducted, and detailed information is shown
in SI Text S4. The input flux of PAHs (5330 kg yr1) was quite larger
than the output flux (2991 kg yr1) (Table 1), despite that the input
water discharge was nearly the same as the output water discharge,
the reservoir almost remains amount of dissolved PAHs during
transporting processes, and impoundment flux was 2339 kg yr1
which occupied 44% of the input flux of PAHs. Furthermore, the
impoundment fluxes of LMW-, HMW-, and total PAHs in the wetseason were significantly higher than those in the dry season, and
the impoundment ratios of LMW-PAHs were higher than those of
HMW-PAHs. The Minjiang River covers nearly half of the area and
one third of the population of Fujian province, and it is responsible
for the main source for water supply for industrial, agricultural,
residential purposes. As the largest reservoir in Southeast China,
the SKR in theMinjiang River is crucial for the storage and supply of
drinking water for local residents. Therefore, more emphasis on
understanding the PAHs entrapment and accumulation in the SKR
of the Minjiang River for drinking water security.
4. Conclusions
In the backwater zone from the SKR of the Minjiang River,
Y. Wu et al. / Environmental Pollution 257 (2020) 113603 9significant spatial-temporal variations of PAH concentrations,
compositions and sources in water were displayed. PAH concen-
trations in water of the SKR in the wet season were higher than
those in the dry season, and the overall contamination level of PAHs
was lightly to moderately polluted, compared to other river sys-
tems. The input sources in the SKR were primarily from the up-
stream urbanized cities and its tributaries, while PAH
concentrations declined by more than half from upstream to
downstream. The responsible processes for the high self-cleaning
capacity are thought to be dilution effect, degradation or deposi-
tion of PAHs adsorbed to organism debris and particles. The
composition patterns of PAHs were dominated by 3-ring PAHs in
both seasons, the relatively high abundance of 4-ring PAHs in the
dry season, this dynamic change was related to the seasonal vari-
ations in temperature, anthropogenic activities, atmospheric
deposition, and impoundment impact. MDR ratios of PAHs and PCA
receptor model inferred that PAHs in the SKR were mainly from
pyrolytic origin (fossil fuel and/or biomass combustion), the input
pathway was the riverine runoff by the discharge of domestic
sewage, land erosion of rainstorm runoff and atmospheric wet and
dry depositions. In the reservoir, the transport time of PAHs in the
dry seasonwas longer than that in the wet season, the stable values
of isomer ratios in the wet season implied that there were
continuously new inputs along the river. The estimation for the
impoundment flux of PAHs revealed that water impoundment
caused the 2339 kg yr1 of PAHs entrapment in the SKR. These re-
sults would provide understanding of the levels, biological effects,
transport and fate of PAHs in the largest hydropower reservoir of
Southeast China, and also provide evidence of pollutants which can
provide the information for regional water resources and ecological
health protection, China.
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